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Dietary carbohydrates are digested in the gut through the action of pancreatic a-amylase and the brush-border membrane hydrolases into the monosaccharides u-glucose, u-galactose and wfructose. wGlucose and wgalactose are transported from the lumen of the intestine across the brush-border membrane into the enterocytes by Abbreviations used: SGLT, Na+/D-glucose co-transporter; BBMV, brush-border membrane vesicle; PEG, poly(ethy1ene glycol). $To whom correspondence should be addressed. the high-affinity Na+/glucose co-transporter (SGLT1). Fructose is transported from the intestinal lumen into the enterocytes exclusively by the fructose transporter (GLUTS). These monosaccharides, once accumulated within the enterocyte, each exit the cell across the basolateral membrane down their concentration gradients into the systemic system via the monosaccharide transporter, GLUT2 [ 11. GLUT2 and G L U T 5 belong to the family of Na+-independent facilitative sugar transporters. They are Volume 25 structurally and functionally distinct from the SGLTs [2] . SGLTl transports hexose sugars with an equatorial hydroxy group at position C-2; in addition to D-glucose and D-galactose they include the non-metabolizable sugars 3-0-methyl-D-glucose and cr-methyl-D-glucose [3] . 2-Deoxy-D-glucose is not transported by SGLTl [4, 5] . The sugar-specificity for GLUT2 is rather broad in that most pentoses and hexoses are transported by it. However, GLUT2 does not
It has been shown that dietary sugars regulate the activity and abundance of the intestinal SGLTl in a variety of species, including humans The cloning of the intestinal SGLTl cDNA and the subsequent sequencing of the SGLTl protein [ 1 1-131 have provided molecular tools to investigate the cellular processes controlling expression of the intestinal SGLTl gene. The development of the rumen in sheep, a natural and efficient way of ensuring a virtual block in the delivery of monosaccharides to the small intestine, has made the ovine intestine a unique naturally occurring model for the study of the regulation of expression of intestinal SGLTl by luminal sugars [ 1, 7, 8, 14] . In ruminant animals, as the diet changes from milk to grass, the rumen develops. Dietary carbohydrates are fermented by the rumen microflora into volatile fatty acids and, under these conditions, no monosaccharides reach the small intestine [ 15,161. Associated with this decline in luminal sugars, there is a marked decrease in the activity and the expression of SGLTl [7, 8, 17, 18] .
The profile of the decline in the levels of functional SGLTl protein and SGLTl mRNA in lambs during development suggests that SGLTl expression is regulated at both transcriptional and post-transcriptional levels [8, 17, 19] . Introduction of either D-glucose or D-glucose analogues via duodenal cannulae into the ruminant ovine intestine [7] restores functional SGLTl protein and mRNA to levels detected in the preruminant state [7, 8] . The stimulation of synthesis of SGLTl protein by luminal sugar can be evoked by 2-3 mM (final luminal concentration) solutions of D-glucose, D-galactose, Ir-methyl-D-glucose, 3-O-methyl-~-glucose (metabolizable and non-metabolized substrates of SGLTl), fructose (not transported by SGLT1) and 2-deoxy-D-glucose (not transported by any intestinal brush-order membrane sugar transporter). It was concluded therefore that (a) the metabolism [6-101. of the sugar by the enterocyte is not involved in glucose-induced SGLTl expression, (b) the luminal sugar is perceived by a sugar sensor with a different sugar-specificity from that of SGLTl and (c) the glucose sensor is present on the external face of the enterocyte brush-border membrane [l] .
Cellular location of the proposed glucose sensor along the crypt-villus axis
The intestinal epithelium is a rapidly renewing tissue. Enterocytes produced in the intestinal crypt migrate to the tips of the villi where they are shed into the intestinal lumen. This process leads to complete cell renewal every 3-4 days [20] . Differentiation of structure. and function occurs during enterocyte migration from crypt base to villus tip.
Immunofluorescence localization of SGLTl using an antibody to a synthetic peptide, corresponding to amino acids 402-420 of the SGLTl sequence, showed labelling over the entire brush-border surface, including the lower region of the villus of preruminant lamb intestine A similar distribution pattern has been observed for SGLTl protein along the cryptvillus axis of rat intestine by Takata and colleagues [Zl] , using an antibody raised to a synthetic peptide corresponding to amino acids 564-575 of the SGLTl sequence. These results indicate that SGLTl protein is expressed on the brush-border membrane of enterocytes lining the entire villus, and the onset of glucose transport takes place near the crypt-villus junction (see Figure 1 ).
In the intestine of ruminant sheep, however, the levels of SGLTl protein along the cryptvillus axis were negligible. Infusing the intestine of ruminant sheep with a solution of 3 mM (final concentration) 11-glucose increased the levels of functional S G L T l to that observed in the preruminant lamb intestine (see Figure 3c) . In order to determine where along the crypt-villus axis the luminal sugar is perceived, daily biopsy samples were removed through duodenal cannulae from the intestine of sheep infused continuously for 4 days with wglucose while maintained on a conventional roughage diet. T h e expression of functional S G L T l protein was detected sequentially from the crypt-villus junction to the villus tip. Furthermore infusing either wglucose or 2-deoxy-1)-glucose (3 mM final concentration)
for 2 h into the intestinal lumen of ruminant sheep had no effect on the ability of the existing upper villus enterocytes to transport wglucose. However, the presence of functional S G L T l was detected 4 days later in the newly formed upper villus enterocytes [ 1,141. It has been shown in mice that, when the carbohydrate content of the diet was changed over a series of short time periods from a carbohydrate-free diet to a high-carbohydrate diet and vice versa, for any increase or decrease in dietary carbohydrate, there was a corresponding change (2-fold) in the abundance of SGLTl protein (as measured by glucose-protectable phlorrhizin binding). The change in the number of S G L T l proteins was observed first in the crypt, and then spread to the villus tip over the course of several days [6, 22] .
T h e siniplest interpretation of these results is that the glucose sensor (receptor) is located in the crypt. The induction of SGLI'1 expression by luminal glucose is rapid, and the observed lag for the appearance of S G L T l protein in the upper villus is correlated with cell migration time along the crypt-villus axis. However, one cannot exclude a possible location of the receptor along the villus. In the latter case the receptor could be linked to crypt events cia a neural or paracrine mechanism.
Plasma-membrane location of the glucose sensor Di(glucos-6-yl)poly(ethylene glycol) 600 (PEG~,ol,) is a membrane-impermeant water-soluble glucose analogue which is hydrolysed by neither the contents of the intestinal digesta nor the intestinal brush-border enzymes [23] . The intestines of ruminant sheep were infused with solutions of 3 mM (final concentration) di(g1u-cos-6-yl)-PEG~,llll, PEG~,oo or i,-glucose for 4 days, while the animals were maintained on conven-
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Abundance of SGLTl protein in the intestinal brush-border membrane of ruminant sheep after infusion of the intestine with various solutes
Ruminant sheep (3 years old) had their intestines infused with 3 mM solutions of PEGboo, D-glucose or di(glu~os-6-yl)PEG~~~ through duodenal cannulae. BBMVs were prepared from the intestine of these animals, as described [7, 8] . Brush-border membrane proteins (20 pg per lane) were separated on an 8% polyacrylamide gel containing 0. I YO SDS. Separated proteins were electrotransferred to nitrocellulose membrane and blotted for the presence of SGLTl , using affinity-purified antibody, as described previously [8,I8] . The abundance of SGLTl protein in the brush-border membrane samples was quantified using the peptide antigen as a standard [ 181. or u-glucose, shows labelling on the entire brush-border surface, including the lower region of the villus (Figures 36 and 3c) . The labelling is specific, as it was blocked when the primary antibody was preincubated with the peptide antigen.
T h e distribution of S G L T l protein (Figures 3b and 3c ) is similar to that seen in the intestine of the preruminant lamb (Figure 1 ). T h e induction of functional SGLTl protein by infusion of the membrane-impermeant glucose analogue supports our proposition that the glucose sensor is located on the external face of the brush-border membrane of the intestinal epithelial cells. T h e transduced signal, through a cascade of as yet unknown intracellular events, leads to the transcription of the SGLTl gene, translation of the SGLTl mRNA and insertion of functional SGLTl protein into the brushborder membrane of enterocytes near the cryptvillus junction.
In a proximal renal epithelial-type cell line, LLC-PK,, which expresses both SGLTl and the low-affinity Na+/D-glucose co-transporter (SGLT2), it has been proposed that the mechanism for the post-transcriptional regulation of SGLTl is achieved by protein kinase A activation. This promotes S G L T l mRNA stabilization via binding of a 48 kDa cytoplasmic protein to the SGLTl 3' untranslated region [24] . Assuming that in the enterocyte such a mechanism may be involved in post-transcriptional regulation of SGLTl expression, the molecular events between the binding of the luminal sugar to the receptor and the activation of protein kinase A are not resolved. T h e identification of the glucose receptor is the first step in elucidation of the cellular events by which luminal sugar interacts with the intestinal brush-border membrane leading to the sugar induction of S G L T l gene expression.
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